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ABSTRACT: γ-Lactam is an important structural motif in a
large number of biologically active natural products and
synthetic small pharmaceutical molecules. However, there is
currently no effective approach to construct γ-lactam ring
directly from natural rigid polycyclic amides. Herein, we report
a facile methodology for synthesis of a new group of olean-
28,13β-lactams (10a−j) from their corresponding amides,
promoted by an easily available reagent 2,3-dichloro-5,6-
dicyanobenzoquinone (DDQ), through an intramolecular
dehydrogenative C−N coupling reaction via a radical ion
mechanism. Biological evaluation indicated that the most
active lactam 10h displayed potent antiproliferative activity
against human cancer cells but 13.84- to 16.92-fold less
inhibitory activity on noncancer cells in vitro. In addition, 10h significantly inhibited the growth of implanted prostate cancer in
vivo. Furthermore, 10h induced cell cycle arrest and apoptosis and down-regulated the AKT/mTOR signaling in DU-145 cells.
Finally, 10h was more stable in rat plasma and human liver microsomes than CDDO-Me and had little hERG channel inhibitory
activity. Collectively, 10h may be a potential antiprostate cancer agent for further investigation.

■ INTRODUCTION
Oleanolic acid (OA) is a well-known natural triterpenoid and
has multiple pharmacological activities.1 To improve its potency, a
large number of synthetic OA derivatives (SOADs) have been
prepared, including 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic
acid (CDDO), its ester (CDDO-Me) and amide (CDDO-Im)
(Figure 1), and others.2,3 Compared with OA, these SOADs

have much stronger anti-inflammatory and antitumor activities
by activating cytoprotective pathways4 and inducing cancer cell
apoptosis.5 CDDO-Me has been tested in clinical trials for
treatment of advanced solid tumors and lymphoid malignan-
cies.6 We have also synthesized SOADs for the intervention of
cancers7−10 and discovered the olean-28,13β-olide, a γ-lactone

compound, with potent in vitro and in vivo anticancer activity
comparable to CDDO-Me.11,12

γ-Lactam, like γ-lactone, is an important structural motif in a
large number of biologically active natural products13−20 and
synthetic small pharmaceutical molecules for the treatment
of cancer,13,19−21 fungal infection,20 chemotherapy-induced
nausea and vomiting,22 Alzheimer’s disease,23 and human
immunodeficient virus (HIV) infection.24 For example, the
γ-lactam moiety in the inhibitors of histone deacetylase
(HDAC) can fit into the narrow hydrophobic pocket of
HDAC active site better than the larger δ-lactam moiety and
has more potent enzymatic inhibitory and antiproliferative
activities.22 However, there currently is no effective approach to
construct γ-lactam ring directly from natural rigid polycyclic
amides. In this context, we hypothesized that synthesis of novel
olean-28,13β-lactams from their corresponding amides could
generate a new class of SOADs with potent anticancer activity.
To address the hypothesis, lactam compounds 10a−j were
designed and synthesized and their antitumor activities were
evaluated in vitro and in vivo.
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Figure 1. Chemical structures of OA and SOADs.
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■ RESULTS AND DISCUSSION
Chemistry. The target compounds 10a−j were synthesized

as depicted in Scheme 1. A bromination reaction of ketone 1,
which was prepared starting from OA as described previously,11

followed by dehydrobromination led to enone 2. The removal
of the acetyl at 3-acyloxy group of 2 by KOH in methanol freed
the 3-hydroxy group, and the resulting compound 3 underwent
a Jones oxidation giving the diketone 4. Formylation at C-2
was performed in the presence of ethyl formate and sodium
methoxide in dichloromethane furnishing an enolate 5, which
was cyclized into isoxazole 6 by treatment with hydroxylamine
hydrochloride in aqueous ethanol. Debenzylation at C-28 of 6
was carried out in tetrahydrofuran using 10% Pd/C as the
catalyst to give free acid 7, which was converted to its acyl
chloride using oxalyl chloride, and without further purifica-
tion the acyl chloride was treated with corresponding primary
amines to yield amides 8a−j. The isoxazole ring in 8a−j was
opened in the presence of sodium methoxide, affording
2-cyanoenolates 9a−j. Finally, the 1,2-double bond and
28,13β-lactam functionalities were generated in a one-pot
procedure via a dehydrogenation reaction mediated by 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in toluene to
provide the target lactams 10a−i.
It is notable that the yields of the last step reaction were

affected by the steric hindrance and/or electronic effect of the
substituent (R) at the nitrogen atom. As shown in Table 1,
entries 1−5, when R was occupied by bulkier group, the yields
tended to decrease. On the other hand, compound 10i con-
taining an electron-withdrawing phenyl group at 2-position of

ethyl was much more difficult to be obtained than compound
10b with only an electron-donating ethyl group (110 °C,
24 h, 45% vs 80 °C, 6 h, 69%, respectively). Similarly, when a
cyclohexyl group (10h) was replaced by a phenyl group (10j),
no product was obtained. These results suggest that a smaller
and/or electron-donating substituent may be beneficial for
dehydrogenation to build a 28,13β-lactam ring.
The mechanism underlying the formation of olean-28,13β-

lactams (10a−i) promoted by DDQ may be similar to that of
the generation of olean-28,13β-olides we proposed previ-
ously.11 The 2-cyanoenone functionality is constructed from

Scheme 1. Synthetic Route of Olean-28,13β-lactams 10a−ja

aReagents and conditions: (a) BnCl, K2CO3, DMF, 50 °C, 4 h; (b) Ac2O, pyridine, rt, 4 h; (c) 30% H2O2, HCO2H, CH2Cl2, rt, 24 h; (d) Br2, HBr,
AcOH, 50 °C, 24 h; (e) KOH, MeOH, reflux, 45 min; (f) Jones reagent, acetone, 0 °C → rt, 20 min; (g) HCO2Et, NaOMe, anhydrous CH2Cl2, rt,
2 h; (h) NH2OH·HCl, EtOH, reflux, 1 h; (i) H2, Pd/C, THF, atmospheric pressure, rt, 0.5 h; (j) (COCl)2, anhydrous CH2Cl2, 0 °C → rt, 12 h;
(k) primary amine, TEA, anhydrous CH2Cl2, 0 °C → rt, 12 h; (l) NaOMe, MeOH, Et2O, 0 °C → rt, 1 h; (m) DDQ, anhydrous methylbenzene,
80−110 °C, 8−24 h.

Table 1. Reaction Conditions and Yields of Olean-28,13β-
lactams (10a−j)a

entry product R
reaction
conditions

isolated
yield, %b

1 10a -CH3 80 °C, 4 h 75
2 10b -CH2CH3 80 °C, 6 h 69
3 10c -CH2CH2CH3 80 °C, 6 h 65
4 10d -CH2(CH2)2CH3 80 °C, 8 h 60
5 10e -CH2(CH2)4CH3 90 °C, 12 h 58
6 10f -C(CH3)3 90 °C, 5 h 60
7 10g -CH2CH2OH 90 °C, 10 h 55
8 10h -cyclohexyl 90 °C, 12 h 68
9 10i -CH2CH2Ph 110 °C, 24 h 45
10 10j -Ph reflux, >24 h 0

aAll reactions were performed with 2 equiv of DDQ in anhydrous
toluene. bYield of the isolated product based on the reacted substrate.
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dehydrogenation on ring A of compound 9 via an ionic
mechanism, and the lactam ring is built from the amide moiety
in the same compound via a radical ion mechanism.
The ionic mechanism is shown in Figure 2. DDQ first

abstracts a hydrogen anion from enolate 9 leading to an oxygen
anion of DDQ (DDQH−) and a carbon cation a. Subsequently,
the DDQH− captures a proton from the intermediate a,
generating a 2-cyanoenone product 11 (as shown in Table 2)
and DDQH2.
To clarify this point, the 9h was reacted with various

amounts of DDQ for different time periods. The reaction of 9h
with ≤1 equiv of DDQ for half an hour led to generation of
only compound 11h (Table 2, entries 1−3). However, the
reaction of 9h with >1 equiv of DDQ, particularly with 2 equiv
of DDQ, for longer heating in toluene generated the lactam
10h in a dose- and time-dependent manner (Table 2, entries
4−6). These results indicated that the DDQ-mediated
dehydrogenation of ring A occurred prior to the construction
of the lactam ring and that the subsequent transformation of 11
into 10 proceeded via a distinct mechanism.
On the basis of the above results, we speculate that the

lactam 10h may be produced from the amide 11h by DDQ
promotion. Indeed, when we heated 11h with 1 equiv of DDQ
for several hours, 10h was obtained (Scheme 2). Similarly, the
lactams 13h and 15 could also be produced from the
corresponding amides 8h and 14 under the same conditions,
thus confirming our speculation.
The construction of the lactam ring may proceed via a radical

ion mechanism as depicted in Figure 3. DDQ first traps an
electon from the electron-rich enone on the ring C of 11 to
produce a radical cation b and a radical anion DDQ•−. Sub-
sequent hemolytic cleavage of the C−H bond at the C13
position results in an enol radical cation c. Then the nitrogen
atom with a pair of electrons on the C28-carboxylic amide of c
acts as a nucleophile to attack C13, followed by deprotonation

to form a lactam radical d and DDQH•. The intermediate d is
subsequently oxidized by DDQH• to generate cation e and
DDQH−. Finally, e is deprotonated by DDQH• to provide 10
and DDQH2. According to the mechanism mentioned above,
the substituent R on the nitrogen of amides 9a−j in Scheme 1
may be a rate-limiting factor, and a smaller and/or electron-
donating substituent is beneficial to build a 28,13β-lactam ring.
To verify the proposed radical ion mechanism in the

formation of lactam via an enol as a transient intermediate c
(Figure 3), compound 8h, which could be converted to the
corresponding lactam 13h as mentioned above, was treated
with acetyl chloride in the presence of DDQ. Fortunately, the

Figure 2. A proposed ionic mechanism for the dehydrogenation of ring A of compound 9.

Table 2. Reactions of 9h with Various Amounts of DDQ at Different Timesa

entry DDQ (equiv) time (h) yield of 11h (%)b yield of 10h (%)b

1 0.5 0.5 43 0
2 0.5 12 45 0
3 1 0.5 89 0
4 1.5 0.5 80 10
5 1.5 12 65 21
6 2 12 <10 68

aAll reactions were performed with DDQ at 90 °C in anhydrous toluene. bYield of the isolated products.

Scheme 2. Olean-28,13β-lactams (10h, 13h, and 15)
Produced from the Corresponding Amides (11h, 8h, and 14)
Promoted by DDQ
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O-acetylated enolate 12h was successfully isolated and
identified in Table 3, suggesting that long-term heating- and
DDQ-promoted enolization of the ketone on ring C of 11 may
be involved in the generation of the lactam ring of 10, which is
in agreement with the radical ion mechanism.
Biological Activity. Assessment of in Vitro Antiprolifer-

ative Activity. Compounds 10a−i and 11h were preliminarily
screened for their inhibitory activitiy against human prostate
carcinoma DU-145 cell proliferation by CCK-8 assay using
CDDO-Me as a positive control. As shown in Figure 4, most of
compounds at 2 μM displayed varying inhibitory activities. 10h
exhibited the most potent inhibitory activity (75%), which was
statistically higher than that of its precursor amide 11h (53%)
and positive control CDDO-Me (63%). Since this study on
small numbers of compounds may have no conclusive data
for structure−activity relationship (SAR), we are interested in
further expanding the compound library to analyze the SAR.
The active compounds 10f and 10h were further assayed for

their antiproliferative activity against four human cancer cell
lines, DU-145 (human prostate cancer cells), H460 (human
non-small-cell lung cancer cells), Bxpc-3 (human pancreatic

carcinoma cells), and BEL-7404 (human hepatocellular
carcinoma cells), and human nontumor cell line WPMY-1
(human prostatic stromal myofibroblast cells). The IC50 values
of 10h were from 0.33 to 0.46 μM against all four types of
cancer cells, comparable to CDDO-Me and stronger than
CDDO-Im and 10f. Significantly, 10h had 13.84- to 16.92-fold
less inhibitory activity against nontumor WPMY-1 (IC50 = 6.09
μM) than against all cancer cells tested. Hence, 10h preferably
inhibits the proliferation of cancer cells, superior to CDDO-Me
and CDDO-Im (Table 4).

In Vivo Anticancer Activity of 10h. To evaluate the safety of
10h, adult ICR mice were randomly treated by oral gavage with
a single dose of 10h at 800, 640, 512, 409.6, and 327.8 mg/kg
based on our preliminary study, and the survival of the mice
was monitored up to 14 days after treatment (Table 5). While
treatment with a large dose (800 mg/kg) of 10h killed all
mice, treatment with 327.8 mg/kg did not cause any death or
abnormality in eating, drinking, body weight, or activity
throughout the observation period. As a result, the LD50
value of 10h was 540.7 mg/kg for this strain of mice.
To evaluate the in vivo anticancer activity of 10h, male

BALB/c nude mice were inoculated subcutaneously with hu-
man prostate carcinoma DU-145 cells. After the establishment

Figure 3. A proposed radical ion mechanism for the DDQ-mediated formation of γ-lactam ring of 10a−j.

Table 3. Evidence for an Enol as a Transient Intermediate in
the DDQ-Promoted Formation of Olean-28,13β-lactama

entry
8h

(equiv)
AcCl
(equiv)

DDQ
(equiv)

temp
(°C)

isolated yield of
12, %b

1 1.0 10 0 90 0
2 1.0 0 1.1 90 0
3 1.0 10 1.1 25 0
4 1.0 1 1.1 90 trace
5 1.0 10 1.1 90 21

aAll reactions were performed with 2 equiv of TEA and run for 24 h in
anhydrous toluene. bYield of the isolated product based on the reacted
substrate.

Figure 4. Inhibition of DU-145 cell proliferation. DU-145 cells were
treated with, or without, the indicated compounds at 2 μM for 72 h,
and the cell proliferation was measured. The inhibition (%) of each
compound was determined. Data are presented as the mean (%) ± SD
of each compound from three independent experiments: (∗) P < 0.05
vs CDDO-Me; (∗∗) P < 0.01 vs 11h.
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of solid tumor, the mice were randomly treated by gavage with
10h and vehicle daily for 21 consecutive days, respectively.
While treatment with 8.5 mg/kg of 10h slightly reduced
the volume of implanted prostatic tumors, treatment with
17 mg/kg of 10h significantly inhibited the growth of
implanted prostatic tumor (P < 0.001 vs the vehicle-treated
control, Figure 5A and Figure 5B). More importantly, the
tumor weights (0.5184 ± 0.1668 g, 0.2786 ± 0.1010 g) in the
mice treated with 10h at 8.5 mg/kg and 17 mg/kg were 30%
and 62% (w/w) less than that in the vehicle-treated controls
(0.7356 ± 0.1992 g, P < 0.01, Figure 5C) while the body
weights of the mice were not significantly changed by treatment
with 10h (Figure 5D). Together, our data clearly demonstrated

that 10h inhibited the growth of implanted tumors in vivo and
its anticancer activity tended to be dose-dependent.

Treatment with 10h Induces Prostatic Cancer Cell Cycling
Arrest and Apoptosis. To understand the mechanisms
underlying the action of 10h, the effects of 10h on prostatic
cancer cell cycling were examined. DU-145 cells were treated
with different concentrations of 10h (0.08 μM, 0.16 μM) and
CDDO-Me (0.26 μM, 0.53 μM) for 24 h and stained with PI,
followed by flow cytometry analysis (Figure 6A). As shown in
Figure 6B, treatment with 10h induced DU-145 cell cycle arrest
at G0/G1 phase and the percentages of DU-145 cells at G0/G1
phase were 68% (0.16 μM 10h) and 68% (0.53 μM CDDO-Me),
respectively, which were significantly higher than that of

Table 4. Antiproliferative Activity of Compounds

IC50 (μM)a

compd DU-145 H460 Bxpc-3 BEL-7404 WPMY-1

10h 0.39 ± 0.03b 0.38 ± 0.03 0.33 ± 0.03 0.46 ± 0.03b 6.09 ± 0.53b

10f 0.96 ± 0.08 0.43 ± 0.04 0.66 ± 0.06 1.14 ± 0.10 9.60 ± 0.81b

CDDO-Im 0.69 ± 0.05 0.42 ± 0.04 1.50 ± 0.12 0.99 ± 0.07 2.09 ± 0.14
CDDO-Me 0.53 ± 0.03 0.40 ± 0.02 0.24 ± 0.02 0.81 ± 0.07 1.86 ± 0.11

aData are expressed as mean IC50 ± SD (μM) of each compound from three independent experiments. IC50 is the drug concentration inhibiting 50%
of the cell proliferation. bP < 0.01 vs CDDO-Me.

Table 5. Acute Toxicity of 10h in Mice

mouse mortality

dose (mg/kg) no. of mice 1 h 4 h 3 d 4−14 d total mortality survival (%) on day 14 LD50
a (mg/kg)

800 8 1 2 5 0 8 0
640 8 0 0 6 0 6 25
512 8 0 0 3 0 3 63 540.7
409.6 8 0 0 1 0 1 88
327.8 8 0 0 0 0 0 100

aThe 95% confidence limits: 475.7−614.66 mg/kg.

Figure 5. Inhibitory effects of 10h on the growth of implanted prostatic tumors in mice. Male nude mice were inoculated with DU-145 cells, and
after establishment of solid tumors, the mice were randomly treated with the indicated doses of 10h or vehicle daily, followed by monitoring of the
growth of tumors in mice: (A) dynamic growth of implanted tumors in mice; (B) tumor volumes in mice measured on the last day of the
experiment; (C) tumor weights in mice; (D) body weight changes in mice. Data are expressed as the mean ± SD from each group of mice (n = 5 per
group): (∗∗) P < 0.01, (∗∗∗) P < 0.001 vs the vehicle-treated control.
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vehicle-treated controls. As a result, the percentages of prostatic
cancer cells at S phase in 0.16 μM 10h-treated cells or 0.53 μM
CDDO-Me-treated cells were significantly lower than those of
vehicle-treated controls.
Tumor cells arrested at G0/G1 phase are associated with

high sensitivity to apoptotic triggers. Next, the impact of 10h
on the apoptosis of DU-145 cells was examined by Hoechst
33258 staining. As shown in Figure 7A, the vehicle-treated
prostatic cancer cells (0.1% DMSO) displayed weak homoge-
neous blue in the nuclei while the CDDO-Me (0.53 μM) and
10h (0.08−0.32 μM) treated prostatic cancer cells exhibited
bright chromatin condensation and nuclear fragmentation, a
hallmark of apoptosis. In comparison with that of the vehicle-
treated control DU-145 cells, treatment with 0.08, 0.16, or
0.32 μM 10h, like with 0.53 μM CDDO-Me, significantly
reduced the relative levels of BcL-2 expression, although the
treatment did not alter the relative levels of Bax expression
in DU-145 cells (Figure 7B). As a result, these treatments
obviously increased the ratios of Bax to BcL-2, which was
associated with cell apoptosis. In addition, these treatments also
significantly increased the activity of caspase-3 in DU-145 cells
(Figure 7C). These three independent lines of evidence
indicated that treatment with 10h induced prostatic cancer
cell apoptosis.
Treatment with 10h Inhibits the AKT/mTOR Signaling in

DU-145 Cells. The PI3K/AKT/mTOR pathway is crucial for
the growth of many types of tumors. Finally, we examined the
impact of treatment with 10h on the AKT and mTOR

activation in DU-145 cells by Western blot assays. As shown in
Figure 8, there was no significant difference in the relative levels
of AKT and mTOR expression in the different groups of cells,
indicating that treatment with either 10h or CDDO-Me did not
alter the levels of AKT and mTOR expression in DU-145 cells.
Interestingly, treatment with CDDO-Me significantly reduced
the relative levels of phosphorylated AKT and mTOR in
DU145 cells, as compared with that in the vehicle-treated
controls. Similarly, treatment with either dose of 10h also
significantly decreased the relative levels of AKT phosphoryla-
tion, and treatment with a higher dose of 10h dramatically
reduced the relative levels of phosphorylated mTOR in
DU-145 cells. Therefore, 10h, like CDDO-Me, inhibited
spontaneous activation of the AKT/mTOR pathway in
DU-145 cells, which might contribute to its pharmacological action
in inhibiting the growth of implanted prostatic cancer in vivo.

The log P, Stability and Caco2 Permeability of 10h. The
log P values of each analogues were analyzed using three
methods reported previously,25−30 and they are shown in
Table 6 and Table S1 in Supporting Information. Furthermore,
we observed that following incubation with 10h or CDDO-Me
in rat plasma at 37 °C for 1 h, 46% of 10h and 32% of CDDO-Me
remained (Table 6), suggesting that 10h may be more stable in
rat plasma than CDDO-Me. Similarly, 10h displayed a longer
half-life than CDDO-Me (39 vs 21 min) in human liver micro-
somes (HLM) (Table 6).
In addition, we characterized the potential ring-opened prod-

ucts or adduct products by LC−MS/MS following incubation

Figure 6. Effects of 10h on cell-cycling of DU-145 cells. Cells were treated with the indicated concentrations of 10h and CDDO-Me for 24 h and
stained with PI, followed by flow cytometry analysis: (A) representative histograms; (B) quantitative analysis. Data are representative histograms and
expressed as the mean ± SD of each compound from three independent experiments: (∗∗) P < 0.01 vs the vehicle-treated controls.
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of 10h with nucleophiles (Cys and GSH), in rat plasma, or
human liver microsomes (HLM) at 37 °C for 1 h. As shown in
Table S2, there were no detectable ring-opened products,
although there were some adduct products following incubation
of 10h with the nucleophiles. These adduct products might
stem from addition of the nucleophiles to ring A of 10h, similar
to that of CDDO-Me under the same conditions. These results
suggest that γ-lactam ring of 10h may be relatively stable in the
rat plasma and HLM.

Next, the Caco2 permeability of 10h was determined by the
Caco2 bidirectional permeability assays. We found that the
permeability data of 10h (Papp,A→B, from apical to basolateral
direction) and (Papp,B→A from basolateral to apical direction)
were 0.45 × 10−7 and 0.59 × 10−7 cm/s, respectively. The efflux
ratio, defined as the ratio of Papp,B→A to Papp,A→B, was 1.31
(Table 6). These data suggest that 10h might not be a substrate
of P-gp transporters, and it may possess a reasonable absorption
rate in human intestine.

Figure 8. Effects of 10h on the AKT/mTOR activation in DU-145 cells. DU-145 cells were treated with vehicle or the indicated compound for 24 h,
and the relative levels of AKT and mTOR expression and phosphorylation were determined by Western blot assays using β-actin as a control. Data
are representative images and expressed as the mean ± SD of each group of cells from three separate experiments: (A) Western blot analysis of the
relative levels of AKT and mTOR expression and phosphorylation; (B) quantitative analysis; (∗∗) P < 0.01 vs control.

Table 6. The log P, Rat Plasma Stability, Microsomal Stability, and Caco2 Permeability Data of 10h and CDDO-Me

stability Caco2 (Papp × 10−7 cm/s)d

compd log P a 1 h (%)b t1/2 (min)c A to B B to A efflux ratioe

10h 6.7 ± 0.1 46 ± 3*f 39 ± 4*f 0.45 ± 0.21 0.59 ± 0.17 1.31
CDDO-Me 5.5 ± 0.3 32 ± 3 21 ± 2 1.42 ± 0.84 2.40 ± 1.45 1.69

aThe log P values were calculated using the methods reported previously. Data are expressed as the mean ± SD from three different programs. bRat
plasma stability, the percentages of the tested compound remaining after incubations. cHalf-life (t1/2) in human liver microsomes. dApparent
permeability measured in Caco2 cells. “A to B” indicates the experiment from apical to basolateral, and “B to A” indicates the experiment from
basolateral to apical. eRatio BA/AB permeability coefficients. f(∗) P < 0.05 vs the CDDO-Me.

Figure 7. Effects of 10h on induction of DU-145 cell apoptosis. DU-145 cells were treated with the indicated concentrations of compound or vehicle
(control) for 24 h. The cells were stained with Hoechst 33258 and examined under a fluorescent microscope. Furthermore, the relative levels of Bax
and BcL-2 as well as the levels of caspase 3 activity in the different groups of cells were determined by Western blot and enzymatic assays,
respectively. Data are representative images and expressed as the mean ± SD of each group of cells from three separate experiments: (A) fluorescent
staining of tumor cells; (B) Western blot analysis of the levels of Bax and BcL-2 expression; (C) levels of caspase-3 activity; (∗∗) P < 0.01 vs the
vehicle-treated control.
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hERG Channel Inhibition. The human ether-a-go-go-related
gene (hERG) codes the α subunit of a potassium ion channel
(Kv11.1), and inhibition of the channel can result in long QT
syndrome, a potential fetal disorder associated with severe
adverse effect of drugs.31 Accordingly, we tested the potential
inhibition of 10h on the hERG channel activity by the patch-
clamp assay in Chinese hamster ovary (CHO) cells that were
stably expressing the hERG channels. Notably, 10h exhibited
significantly lower hERG inhibitory activity (IC50 > 40 μM)
than the control cisapride (IC50 = 0.04 μM), suggesting that
10h may have little cardiac toxicity (Table 7).

CYP450 Inhibition of Selective Compounds. Drug-related
adverse effects are a major challenge of drug development32 and
may be attributed to the inhibition or induction of members of
the cytochrome P450 enzyme family.33 To further evaluate the
potential adverse effect of 10h, the inhibition of 10h on five
major CYP450 enzymes was determined in human liver micro-
somes using CDDO-Me as a reference. As shown in Table 8,
both 10h and CDDO-Me had little inhibitory activity against
CYP1A2 and CYP2D6 (IC50 > 100 μM) and medium to high
inhibition on CYP2C19 and CYP3A4 (IC50 = 0.932−19.829 μM).
In addition, 10h had significantly lower inhibition on CYP2C9
(IC50 > 100 μM) than CDDO-Me (IC50 = 8.543 μM).

■ CONCLUSIONS
In summary, we have designed and synthesized a group of
olean-28,13β-lactam compounds 10a−j. This is the first report
on the synthesis of γ-lactams from natural rigid polycyclic
amides, promoted by an easily available reagent DDQ, through
the intramolecular dehydrogenative C−N coupling reaction via
a radical ion mechanism. We found that compound 10h had
potent and selective antiproliferative activity against several
types of human cancer cells in vitro. Furthermore, 10h showed
a relatively lower acute toxicity in mice, and treatment with 10h
significantly inhibited the growth of implanted prostatic cancer
in mice. In addition, treatment with 10h induced prostatic

cancer cell cycle arrest at G0/G1 phase and apoptosis in vitro,
increased ratios of Bax to BcL-2 as well as decreased spon-
taneous activation of the AKT/mTOR pathway in DU-145
cells. Finally, 10h was more stable in rat plasma and human
liver microsomes than CDDO-Me and had little hERG channel
inhibitory activity. These findings may provide a proof of
principle that our novel and practical strategy for building of
γ-lactam ring from natural rigid polycyclic amides may have
broad applications in drug discovery and development field and
that olean-28,13β-lactams may be potential chemotherapeutic
agents for the intervention of prostate cancer.

■ EXPERIMENTAL PROTOCOLS
Chemical Analysis. Melting points were determined on a

Mel-TEMP II melting point apparatus and were uncorrected. Infrared
(IR) spectra (KBr) were recorded on a Nicolet Impact 410 instrument
(KBr pellet). 1H NMR and 13C NMR spectra were recorded with a
Bruker Avance 300 MHz spectrometer at 300 K, using TMS as an
internal standard. MS spectra were recorded on a Mariner mass
spectrometer (ESI) and high resolution mass spectrometry (HRMS)
spectra on an Agilent Technologies LC/MSD TOF instrument.
Analytical and preparative TLC was performed on silica gel (200−300
mesh) GF/UV 254 plates, and the chromatograms were visualized
under UV light at 254 and 365 nm. All solvents were reagent grade
and, when necessary, were purified and dried by standard methods.
Solutions after reactions and extractions were concentrated using a
rotary evaporator operating at a reduced pressure of ∼20 Torr. The
purity of all tested compounds was characterized by HPLC analysis
(LC-10A HPLC system consisting of LC-10ATvp pumps and an
SPD-10Avp UV detector). Individual compounds with a purity of
>95% were used for subsequent experiments (see the Supporting
Information). Oleanolic acid (OA) was commercially available.
Compound 1 was prepared according to the method described
previously.11

Benzyl 3β-Acetoxy-12-oxoolean-9(11)-en-28-oate (2). To a
stirred solution of 1 (52.5 g, 87 mmol) in glacial acetic acid (100 mL)
was added dropwise hydrobromic acid (4.4 mL, 38 mmol) at room
temperature. The reaction mixture was then heated to 50 °C, and
bromine (5.6 mL, 104 mmol) was thus added dropwise. The resulting
reaction mixture was kept stirring for another 24 h. After completion
of the reaction monitored by TLC, it was quenched by 20% aqueous
sodium thiosulfate (100 mL) and then diluted with water (1.5 L) and
filtered. The solid was washed with water, dried, and subjected to flash
column chromatography over silica gel using petroleum ether/EtOAc
(9:1) to give a yellowish solid 2 (42 g, 80%). Mp 216−218 °C. IR
(KBr, cm−1): 3410, 2954, 2873, 1733, 1652, 1465, 1385, 1368, 1329,
1242. ESI-MS: 603 [M + H]+. 1H NMR (300 M Hz, CDCl3, 25 °C,
TMS): δ 7.34−7.26 (m, 5H), 5.7 (s, 1H), 5.16 (d, J = 12.6 Hz, 1H),
5.11 (d, J = 12.6 Hz, 1H), 4.46−4.40 (m, 1H), 3.03−3.00 (m, 1H),
2.93 (d, J = 4.5 Hz, 1H), 2.05 (s, 3H), 2.01 (s, 3H), 1.57 (s, 3H), 1.16
(s, 3H), 1.00 (s, 3H), 0.95 (s, 3H), 0.92 (s, 3H), 0.89 (s, 3H) ppm.
13C NMR (75 M Hz, CDCl3, 25 °C, TMS): δ 200.2, 177.8, 177.5,
170.1, 136.4, 128.5, 128.5, 128.4, 128.4, 128.1, 122.8, 79.7, 66.1, 50.3,
49.4, 47.2, 45.2, 41.7, 39.8, 38.2, 36.1, 35.9, 34.6, 33.3, 32.9, 32.8, 31.6,
30.7, 28.0, 28.0, 23.9, 23.9, 23.5, 23.2, 22.8, 21.6, 21.2, 17.8, 16.7 ppm.

Benzyl 3β-Hydroxy-12-oxoolean-9(11)-en-28-oate (3). A
solution of 2 (42 g, 70 mmol) and KOH (39 g, 0.7 mol) in MeOH

Table 7. Inhibitory Activity of 10h on the hERG Channel by
Patch-Clamp Assay

compd hERG channel inhibition, IC50 (μM)a

10h >40*b

cisapride 0.04
aExperiments were performed using Chinese hamster ovary (CHO)
cells that had been stably transfected with the hERG. CHO cells were
treated with different concentrations of 10h (0.0128, 0.064, 0.32,
1.6, 8, and 40 μM) or the control cisapride (0.00096, 0.0048, 0.024,
0.12, 0.6, and 6 μM), and their whole-cell currents were recorded using
an automated patch-clamp system (Qpatch). Data are expressed as the
IC50 of each compound from three separate experiments. bNo hERG
inhibition detectable at the highest measured concentration (40 μM).
(∗) P < 0.001 vs cisapride.

Table 8. CYP450 Inhibition by 10h and CDDO-Me

human CYP450 inhibition (IC50, μM)a

compd 1A2 2C9 2C19 2D6 3A4 (M)b 3A4 (T)c

10h >100 >100*d 8.107 >100 0.932 2.535
CDDO-Me >100 8.543 19.829 >100 4.780 2.740

aIC50 refers to the concentration of a compound that causes 50% inhibition of the enzyme activity. bMidazolam was used as substrate. cTestosterone
was used as substrate. d(∗) P < 0.01 vs CDDO-Me.
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(100 mL) was heated under reflux for 45 min. After removal of MeOH
in vacuum, the resulting mixture was acidified with aqueous HCl
(6 M) solution. The aqueous layer was extracted with a mixture of
CH2Cl2 and Et2O (1:2) (three times). The combined organic layers
were washed with saturated sodium hydrogen carbonate solution and
brine and dried over magnesium sulfate. The solvent was removed to
give an amorphous solid 3 (39 g, quantitative), which was used for the
next reaction without further purification. An analytically pure sample
was obtained by recrystallization from methanol. Mp 197−198 °C. IR
(KBr, cm−1): 3506, 2953, 2930, 2867, 1715, 1647, 1587, 1456, 1382,
1236. ESI-MS m/z: 561 [M + H]+. 1H NMR (300 M Hz, CDCl3, 25
°C, TMS): δ 7.34−7.26 (m, 5H), 5.7 (s, 1H), 5.16 (d, J = 12.6 Hz,
1H), 5.11 (d, J = 12.6 Hz, 1H), 3.22−3.17 (m, 1H), 3.03−3.00 (m,
1H), 2.25 (d, J = 4.5 Hz, 1H), 1.14 (s, 3H), 1.02 (s, 3H), 1.00 (s, 3H),
0.96 (s, 3H), 0.92 (s, 3H), 0.89 (s, 3H), 0.81 (s, 3H) ppm. 13C NMR
(75 M Hz, CDCl3, 25 °C, TMS): δ 200.4, 178.5, 177.5, 136.3, 128.5,
128.5, 128.4, 128.4, 128.1, 122.6, 77.8, 66.1, 50.2, 49.3, 47.2, 45.3, 41.7,
40.0, 39.3, 36.5, 35.9, 34.5, 33.3, 32.9, 32.8, 31.6, 30.7, 28.1, 28.0, 27.5,
23.8, 23.4, 23.2, 22.8, 21.7, 18.0, 15.7 ppm.
Benzyl 3,12-Dioxoolean-9(11)-en-28-oate (4). To a solution of

3 (39 g, 0.07 mol) in acetone (150 mL) in an ice bath was added Jones
reagent dropwise until the color of the solution changed from green to
pale brown. The mixture was stirred at room temperature for 10 min.
After removal of acetone, water was added to quench the reaction. The
aqueous mixture was extracted with a mixture of CH2Cl2 and Et2O
(1:2) (three times). The combined organic layers were washed with
saturated sodium hydrogen carbonate solution and brine and dried
over magnesium sulfate. The solvent was removed and the crude
product was purified by column chromatography (PE/EtOAc = 6:1)
to obtain 4 (34 g, 88%) as an amorphous solid. Mp 146−147 °C. IR
(KBr, cm−1): 3421, 2946, 2861, 2359, 1723, 1708, 1662, 1599, 1466,
1383. ESI-MS m/z: 559 [M + H]+. 1H NMR (300 M Hz, CDCl3,
25 °C, TMS): δ 7.38−7.28 (m, 5H), 5.8 (s, 1H), 5.16 (d, J = 12.6 Hz,
1 H), 5.11 (d, J = 12.6 Hz, 1H), 3.06−3.00 (m, 1H), 2.78 (d, J = 4.5
Hz, 1H), 2.66−2.17 (m, 3H), 1.26 (s, 3H), 1.11 (s, 3H), 1.07 (s, 3H),
1.00 (s, 3H), 0.97 (s, 3H), 0.95 (s, 3H), 0.89 (s, 3H) ppm. 13C NMR
(75 M Hz, CDCl3, 25 °C, TMS): δ 215.7, 199.9, 177.4, 176.6, 136.3,
128.5, 128.5, 128.4, 128.4, 128.2, 124.0, 50.9, 49.5, 47.5, 47.2, 45.4,
41.8, 39.4, 37.0, 35.9, 34.5, 34.2, 33.3, 32.8, 31.9, 31.6, 30.7, 29.7, 28.0,
26.3, 23.8, 23.3, 23.2, 22.8, 21.6, 21.4, 19.1 ppm.
Benzyl 2-Hydroxymethylene-3,12-dioxoolean-9(11)-en-28-oate

(5). To a solution of 4 (34 g, 0.06 mol) in dry CH2Cl2 (100 mL) were
added ethyl formate (97%) (18 g, 0.24 mol) and NaOMe (19.5 g,
0.36 mol). The mixture was stirred at room temperature for 2 h. Then
the mixture was diluted with a mixture of CH2Cl2 and Et2O (1:2) and
washed with 5% aqueous HCl solution (three times). The washings
were re-extracted with a mixture of CH2Cl2 and Et2O (1:2), and the
combined organic layers were washed with saturated sodium hydrogen
carbonate solution and brine and dried over magnesium sulfate. The
solvent was removed and the crude product was purified by column
chromatography (PE/EtOAc = 5:1) to obtain 5 (31.5 g, 90%) as an
amorphous solid. Mp 110−114 °C. IR (KBr, cm−1): 3463, 2950, 2869,
1758, 1723, 1661, 1596, 1456, 1384, 1365. ESI-MS: 587 [M + H]+. 1H
NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 14.85 (d, J = 2.4 Hz, 1H),
8.75 (s, 1H), 7.34−7.26 (m, 5H), 5.7 (s, 1H), 5.16 (d, J = 12.6 Hz,
1H), 5.11 (d, J = 12.6 Hz, 1H), 3.03−3.00 (m, 1H), 2.83 (d, J = 4.5
Hz, 1H), 2.61 (d, J = 14.4 Hz, 1H), 2.25 (d, J = 14.4 Hz, 1H), 1.24 (s,
3H), 1.15 (s, 3H), 1.14 (s, 3H), 1.01 (s, 3H), 0.98 (s, 3H), 0.94 (s,
3H), 0.85 (s, 3H) ppm. 13C NMR (75 M Hz, CDCl3, 25 °C, TMS): δ
200.0, 189.8, 188.3, 177.5, 175.7, 136.3, 128.6, 128.6, 128.5, 128.5,
128.2, 124.2, 105.0, 66.2, 49.5, 48.3, 47.2, 45.5, 42.3, 40.5, 39.1, 37.1,
36.0, 34.6, 33.3, 32.9, 31.6, 31.3, 30.7, 29.7, 28.3, 28.1, 23.4, 23.1, 22.8,
21.6, 20.8, 18.9 ppm.
Benzyl 12-Oxoisoxazolo[4,5-b]olean-9(11)-en-28-oate (6).

To a solution of 5 (31 g, 53 mmol) in EtOH (110 mL) and water
(10 mL) was added hydroxylamine hydrochloride (36.8 g, 530 mmol).
The mixture was heated under reflux for 1 h. The mixture was
concentrated in vacuo, and water (50 mL) was added. The mixture
was extracted with EtOAc (three times). The combined organic layers
were washed with water (three times) and saturated aqueous NaCl

solution (three times), dried over MgSO4, and filtered. The filtrate
was evaporated in vacuo to give a solid. The solid was subjected to
flash column chromatography (PE/EtOAc = 3:1) to give 6 as an
amorphous solid (25.6 g, 83%). Mp 120−122 °C. IR (KBr, cm−1):
3434, 2947, 2861, 2353, 2312, 1722, 1660, 1581, 1456, 1384. ESI-MS:
584 [M + H]+. 1H NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 8.05 (s,
1H), 7.34−7.26 (m, 5H), 5.8 (s, 1H), 5.16 (d, J = 12.6 Hz, 1H), 5.11
(d, J = 12.6 Hz, 1H), 3.10−3.00 (m, 1H), 2.80 (d, J = 4.5 Hz, 1H),
2.75 (d, J = 15 Hz, 1H), 3.38 (d, J = 15 Hz, 1H), 1.37 (s, 3H), 1.26 (s,
3H), 1.12 (s, 3H), 1.01 (s, 3H), 0.99 (s, 3H), 0.95 (s, 3H), 0.90 (s,
3H) ppm. 13C NMR (75 M Hz, CDCl3, 25 °C, TMS): δ 199.8, 177.4,
176.0, 172.1, 150.2, 136.3, 128.6, 128.6, 128.5,128.5, 128.1, 124.5,
108.6, 66.2, 49.8, 49.5, 47.2, 45.6, 41.8, 41.3, 36.0, 35.2, 34.6, 33.7,
33.3, 32.9, 31.6, 31.3, 30.7, 28.8, 28.2, 24.6, 23.2, 22.8, 22.8, 21.6, 21.4,
18.3 ppm.

12-Oxoisoxazolo[4,5-b]olean-9(11)-en-28-oate (7). Com-
pound 6 (2 g, 3.4 mmol) was stirred under H2 in the presence of
10% palladium carbon (0.4 g) in THF for 0.5 h. The mixture was
filtered through a pad of Celite, and the filtrate was dried and
concentrated to offer 7 as a white solid (1.5 g, 91%). Mp 224−226 °C.
IR (KBr, cm−1): 3455, 2939, 2867, 1706, 1659, 1632, 1478, 1454,
1384,1342. ESI-MS: 492 [M − H]−. 1H NMR (300 M Hz, CDCl3, 25
°C, TMS): δ 8.05 (s, 1H), 5.8 (s, 1H), 3.03−3.00 (m, 1H), 2.93 (d, J =
4.5 Hz, 1H), 2.78 (d, J = 15.3 Hz, 1H), 2.40 (d, J = 15.3 Hz, 1H), 1.35
(s, 3H), 1.31 (s, 3H), 1.26 (s, 3H), 1.16 (s, 3H), 1.01 (s, 3H), 0.97 (s,
3H), 0.85 (s, 3H) ppm. 13C NMR (75 M Hz, CDCl3, 25 °C, TMS): δ
199.8, 183.8, 176.1, 172.1, 150.1, 124.5, 108.5, 49.7, 49.6, 47.1, 45.7,
41.8, 41.3, 35.8, 35.1, 34.5, 33.6, 33.2, 33.0, 31.4, 31.3, 30.6, 28.8, 28.2,
24.5, 23.1, 23.0, 22.6, 21.5, 21.4, 18.2 ppm.

General Procedure for the Preparation of 8a−j. A mixture of
7 (3.0 g, 6.1 mmol) and oxalyl chloride (5 mL) in anhydrous CH2Cl2
(50 mL) was stirred at room temperature overnight. The solvent was
removed in vacuo, and the residue was coevaporated with anhydrous
CH2Cl2 three times, and then used for the next reaction without
further purification.

To a solution of the residue (178 mg, 0.35 mmol) obtained above
in anhydrous CH2Cl2 (2 mL) was added a solution of primary amine
(1.5 mmol). The mixture was stirred at room temperature overnight.
The organic layer was separated and then diluted with CH2Cl2
(15 mL). It was washed with saturated sodium hydrogen carbonate
solution and brine and dried over magnesium sulfate. The solvent
was removed and the crude product was purified by flash column
chromatography to obtain 8a−j as an amorphous solid.

1-[12-Oxoisoxazolo[4,5-b]olean-9(11)-en-28-oyl]methylamide
(8a). The title product was obtained in 70% yield as a white powder.
Mp 175−177 °C. IR (KBr, cm−1): 3128, 2971, 2867, 1658, 1526,
1400. 1H NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 8.07 (s, 1H),
5.99−5.95 (m, 1H), 5.89 (s, 1H), 3.05 (d, J = 4.4 Hz, 1H), 2.90−2.76
(m, 5H), 2.44 (d, J = 15.1 Hz, 1H), 1.35 (s, 3H), 1.30 (s, 3H), 1.27 (s,
3H), 1.16 (s, 3H), 1.04 (s, 3H), 1.00 (s, 3H), 0.91 (s, 3H) ppm. 13C
NMR (75 M Hz, CDCl3, 25 °C, TMS): δ 200.2, 177.8, 176.5, 172.0,
150.1, 124.3, 108.4, 49.6, 49.3, 46.6, 45.7, 41.7, 41.2, 36.2, 35.1, 34.6,
34.0, 33.5, 33.2, 32.0, 31.2, 30.6, 28.7, 28.0, 26.5, 24.5, 23.1, 23.1, 22.9,
21.7, 21.3, 18.2. ESI-MS: 529 [M + Na]+.

1-[12-Oxoisoxazolo[4,5-b]olean-9(11)-en-28-oyl]ethylamide
(8b). The title product was obtained in 67% yield as a white powder.
Mp 155−157 °C. IR (KBr, cm−1): 3128, 2971, 2867, 1658, 1526,
1400. 1H NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 8.07 (s, 1H),
5.89−5.87 (m, 2H), 3.28−3.20 (m, 2H), 3.05 (d, J = 4.4 Hz, 1H), 2.87
(d, J = 13.1 Hz, 1H), 2.81 (d, J = 15.2 Hz, 1H), 2.43 (d, J = 15.0 Hz,
1H), 1.35 (s, 3H), 1.30 (s, 3H), 1.27 (s, 3H), 1.16 (s, 3H), 1.04 (s,
3H), 1.01 (s, 3H), 0.91 (s, 3H) ppm. 13C NMR (75 M Hz, CDCl3,
25 °C, TMS): δ 199.7, 176.4, 176.1, 171.6, 149.7, 123.9, 108.0, 49.1,
48.9, 46.0, 45.4, 41.3, 40.8, 35.8, 34.7, 34.1, 33.9, 33.6, 33.1, 32.8, 31.5,
30.8, 30.1, 28.3, 27.5, 24.1, 22.8, 22.6, 22.4, 21.3, 20.9, 17.8, 14.7. ESI-
MS: 543 [M + Na]+.

1-[12-Oxoisoxazolo[4,5-b]olean-9(11)-en-28-oyl]-n-propylamide
(8c). The title product was obtained in 88% yield as a white powder.
Mp 159−161 °C. IR (KBr, cm−1): 3128, 2966, 2872, 1660, 1523,
1400. 1H NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 8.07 (s, 1H),
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5.94−5.89 (m, 2H), 3.27 (q, J = 6.4, 6.8 Hz, 2H), 3.05 (d, J = 4.2 Hz,
1H), 2.89 (d, J = 12.7 Hz, 1H), 2.81 (d, J = 15.1 Hz, 1H), 2.43 (d, J =
15.0 Hz, 1H), 1.35 (s, 3H), 1.30 (s, 3H), 1.27 (s, 3H), 1.16 (s, 3H),
1.04 (s, 3H), 1.01 (s, 3H), 0.91 (s, 3H) ppm. 13C NMR (75 M Hz,
CDCl3, 25 °C, TMS): δ 199.7, 176.6, 176.1, 171.6, 149.7, 123.9, 108.0,
49.2, 48.9, 46.1, 45.3, 41.3, 40.8, 40.8, 35.8, 34.6, 34.1, 33.7, 33.1, 32.8,
31.5, 30.8, 30.1, 28.3, 27.5, 24.1, 22.8, 22.7, 22.6, 22.5, 21.3, 20.9, 17.8,
11.0. ESI-MS: 557 [M + Na]+.
1-[12-Oxoisoxazolo[4,5-b]olean-9(11)-en-28-oyl]-n-butylamide

(8d). The title product was obtained in 78% yield as a white powder.
Mp 151−153 °C. IR (KBr, cm−1): 3128, 2954, 2871, 1659, 1523,
1400. 1H NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 8.07 (s, 1H),
5.95−5.89 (m, 1H), 5.89 (s, 1H), 3.28 (q, J = 6.4, 6.7 Hz, 2H), 3.06
(d, J = 4.4 Hz, 1H), 2.90 (d, J = 13.0 Hz, 1H), 2.82 (d, J = 15.1 Hz,
1H), 2.43 (d, J = 15.1 Hz, 1H), 1.35 (s, 3H), 1.30 (s, 3H), 1.27 (s,
3H), 1.17 (s, 3H), 1.04 (s, 3H), 1.01 (s, 3H), 0.91 (s, 3H) ppm. 13C
NMR (75 M Hz, CDCl3, 25 °C, TMS): δ 199.7, 176.5, 176.0, 171.6,
149.8, 123.9, 108.0, 49.1, 48.9, 46.1, 45.3, 41.3, 40.8, 38.8, 35.8, 34.6
34.1, 33.7, 33.1, 32.8, 31.5, 31.4, 30.8, 30.1, 28.3, 27.5, 24.1, 22.8, 22.6,
22.5, 21.3, 20.9, 19.7, 17.8, 13.3. ESI-MS: 571 [M + Na]+.
1-[12-Oxoisoxazolo[4,5-b]olean-9(11)-en-28-oyl]-n-hexylamide

(8e). The title product was obtained in 69% yield as a white powder.
Mp 142−144 °C. IR (KBr, cm−1): 3129, 2932, 2860, 1600, 1524,
1399. 1H NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 8.07 (s, 1H),
5.92−5.89 (m, 2H), 3.30 (q, J = 6.0, 7.0 Hz, 2H), 3.06 (d, J = 4.4 Hz,
1H), 2.89 (d, J = 13.1 Hz, 1H), 2.81 (d, J = 15.1 Hz, 1H), 2.43 (d, J =
15.0 Hz, 1H), 1.35 (s, 3H), 1.31 (s, 3H), 1.27 (s, 3H), 1.17 (s, 3H),
1.04 (s, 3H), 1.01 (s, 3H), 0.91 (s, 3H) ppm. 13C NMR (75 M Hz,
CDCl3, 25 °C, TMS): δ 200.0, 176.9, 176.4, 172.0, 150.1, 124.4, 108.4,
49.6, 49.3, 46.5, 45.8, 41.8, 41.2, 39.6, 36.2, 35.1, 34.6, 34.1, 33.5, 33.2,
32.0, 31.4, 31.3, 30.6, 29.8, 28.7, 28.0, 26.6, 24.5, 23.3, 23.1, 23.0, 22.5,
21.7, 21.3, 18.2, 13.9. ESI-MS: 599 [M + Na]+, 615 [M + K]+.
1-[12-Oxoisoxazolo[4,5-b]olean-9(11)-en-28-oyl]-tert-butylamide

(8f). The title product was obtained in 73% yield as a white powder.
Mp 166−168 °C. IR (KBr, cm−1): 3128, 2969, 2871, 1660, 1512,
1400. 1H NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 8.07 (s, 1H), 5.88
(s, 1H), 5.53 (s, 1H), 3.10 (d, J = 4.3 Hz, 1H), 2.86−2.76 (m, 2H),
2.43 (d, J = 15.0 Hz, 1H), 1.35 (s, 3H), 1.29 (s, 3H), 1.27 (s, 3H), 1.17
(s, 3H), 1.03 (s, 3H), 1.00 (s, 3H), 0.90 (s, 3H) ppm. 13C NMR (75
M Hz, CDCl3, 25 °C, TMS): δ 199.5, 175.8, 175.6, 171.6, 149.7, 124.0,
108.0, 50.3, 49.2, 48.7, 46.2, 45.4, 41.3, 40.7, 35.8, 34.6, 34.2, 33.7,
33.1, 32.8, 31.5, 30.8, 30.1, 28.3, 28.3, 28.3, 28.3, 27.5, 24.0, 22.7, 22.7,
22.6, 21.2, 20.9, 17.8. ESI-MS: 571 [M + Na]+.
1-[12-Oxoisoxazolo[4,5-b]olean-9(11)-en-28-oyl]ethoxylamide

(8g). The title product was obtained in 90% yield as a white powder.
Mp 162−164 °C. IR (KBr, cm−1): 3129, 3009, 1655, 1620, 1400. 1H
NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 8.08 (s, 1H), 6.55 (m, 1H),
5.89 (s, 1H), 3.72−3.62 (m, 2H), 3.47−3.37 (m, 3H), 3.07−3.00 (m,
1H), 2.94 (d, J = 12.9 Hz, 1H), 2.81 (d, J = 15.0 Hz, 1H), 2.43 (d, J =
15.0 Hz, 1H), 1.35 (s, 3H), 1.32 (s, 3H), 1.27 (s, 3H), 1.17 (s, 3H),
1.04 (s, 3H), 1.00 (s, 3H), 0.91 (s, 3H) ppm. 13C NMR (75 M Hz,
CDCl3, 25 °C, TMS): δ 199.9, 178.4, 176.3, 171.6, 149.7, 123.9, 108.0,
62.4, 49.1, 48.9, 46.2, 45.4, 42.2, 41.3, 40.8, 35.7, 34.7, 34.1, 33.6, 33.1,
32.8, 31.4, 30.8, 30.1, 28.3, 27.5, 24.1, 22.7, 22.6, 22.5, 21.3, 20.9, 17.7.
ESI-MS: 559 [M + Na]+.
1-[12-Oxoisoxazolo[4,5-b]olean-9(11)-en-28-oyl]cyclohexylamide

(8h). The title product was obtained in 88% yield as a white powder.
Mp 184−186 °C. IR (KBr, cm−1): 2933, 2856, 1655, 1517, 1385. 1H
NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 8.07 (s, 1H), 5.89 (s, 1H),
5.65 (d, J = 7.9 Hz, 1H), 3.84−3.81 (m, 1H), 3.06 (d, J = 4.2 Hz, 1H),
2.88 (d, J = 13.3 Hz, 1H), 2.81 (d, J = 15.1 Hz, 1H), 2.43 (d, J = 15.1
Hz, 1H), 1.35 (s, 3H), 1.31 (s, 3H), 1.27 (s, 3H), 1.17 (s, 3H), 1.04 (s,
3H), 1.00 (s, 3H), 0.90 (s, 3H) ppm. 13C NMR (75 M Hz, CDCl3,
25 °C, TMS): δ 199.6, 175.9, 175.5, 171.6, 149.7, 123.9, 108.0, 49.1,
48.8, 47.5, 45.9, 45.4, 41.3, 40.8, 35.7, 34.6, 34.1, 33.7, 33.1, 32.8, 32.8,
32.7, 31.4, 30.8, 30.1, 28.3, 27.5, 25.0, 24.5, 24.5, 24.1, 22.9, 22.7, 22.5,
21.2, 20.9, 17.8. ESI-MS: 597 [M + Na]+.
1-[12-Oxoisoxazolo[4,5-b]olean-9(11)-en-28-oyl]phenethylamide

(8i). The title product was obtained in 68% yield as a white powder.
Mp 151−153 °C. IR (KBr, cm−1): 3132, 2972, 1656, 1520, 1400. 1H

NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 8.06 (s, 1H), 7.32−7.18
(m, 5H), 5.92 (t, J = 5.4 Hz, 1H), 5.87 (s, 1H), 3.58−3.49 (m, 2H),
2.97 (d, J = 4.4 Hz, 1H), 2.83−2.76 (m, 4H), 2.42 (d, J = 15.1, 1H),
1.34 (s, 3H), 1.26 (s, 3H), 1.19 (s, 3H), 1.15 (s, 3H), 1.10 (s, 3H),
1.00 (s, 3H), 0.96 (s, 3H) ppm. 13C NMR (75 M Hz, CDCl3, 25 °C,
TMS): δ 199.5, 176.6, 175.9, 171.6, 149.7, 149.7, 138.4, 128.2, 128.2,
126.2, 126.2, 123.9, 108.0, 49.1, 48.8, 46.1, 45.3, 41.3, 40.7, 40.3, 35.7,
35.3, 34.6, 34.1, 33.6, 33.1, 32.8, 31.4, 30.7, 30.1, 28.3, 27.4, 24.1, 22.7,
22.6, 22.4, 21.2, 20.9, 17.7. ESI-MS: 619 [M + Na]+.

1-[12-Oxoisoxazolo[4,5-b]olean-9(11)-en-28-oyl]phenylamide
(8j). The title product was obtained in 60% yield as a white powder.
Mp 157−159 °C. IR (KBr, cm−1): 3135, 2950, 1655, 1522, 1400. 1H
NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 8.05 (s, 1H), 7.49−7.44
(m, 3H), 7.32 (t, J = 7.6, 8.2 Hz, 2H), 7.10 (t, J = 7.3 Hz,1H), 5.88 (s,
1H), 3.16 (d, J = 4.4 Hz, 1H), 3.00 (d, J = 12.7 Hz, 1H), 2.73 (d, J =
15.0, 1H), 2.36 (d, J = 15.0, 1H), 1.33 (s, 3H), 1.29 (s, 3H), 1.25 (s,
3H), 1.13 (s, 3H), 1.16 (s, 3H), 1.04 (s, 3H), 0.96 (s, 3H) ppm. 13C
NMR (75 M Hz, CDCl3, 25 °C, TMS): δ 199.5, 176.6, 175.2, 171.8,
149.8, 137.4, 128.5, 128.5, 123.9, 123.9, 120.0, 120.0, 108.0, 49.1, 48.8,
47.0, 45.3, 41.3, 40.8, 35.7, 34.6, 34.1, 33.6, 33.2, 33.1, 31.6, 30.7,
30.2, 28.3, 27.4, 24.0, 22.8, 22.7, 22.7, 21.2, 20.9, 17.9. ESI-MS: 591
[M + Na]+, 607 [M + K]+.

General Procedure for the Preparation of the Mixture of
Tautomers (9a−j). To a solution of 8a−j (3.94 mmol) obtained
above in MeOH (20 mL) and Et2O (50 mL) in an ice bath was added
NaOMe (7.25 g, 134 mmol). The mixture was stirred at room
temperature for 45 min and then diluted with a mixture of CH2Cl2 and
Et2O (1:2). It was washed with 5% aqueous HCl solution (three
times), and the acidic washings were reextracted with a mixture of
CH2Cl2 and Et2O (1:2). The combined organic layers were washed
with saturated sodium hydrogen carbonate solution and brine and
dried over magnesium sulfate. The solvent was removed to give a
mixture of tautomers 9a−j (quantitative). This material was used for
the next reaction without further purification.

General Procedure for the Preparation of 10a−j. A mixture of
9a−j (1 mmol) obtained above and DDQ (0.5 g, 2.2 mmol) in dry
methylbenzene (4 mL) was heated to 80−110 °C for 8−24 h. After
insoluble matter was removed by filtration, the filtrate was evaporated
in vacuo to give a solid. The solid was subjected to flash column
chromatography to give 10a−i as an amorphous solid.

Compound 10a. The title compound was obtained in 75% yield as a
white powder. Mp 168−170 °C. IR (KBr, cm−1): 3134, 2971, 2873,
1686, 1614, 1400. 1H NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 7.98
(s, 1H), 5.85 (s, 1H), 2.78−2.60 (m, 4H), 1.47 (s, 3H), 1.26 (s, 3H),
1.17 (s, 3H), 1.01 (s, 3H), 0.98 (s, 3H), 0.88 (s, 3H), 0.85 (s, 3H)
ppm. 13C NMR (75 M Hz, CDCl3, 25 °C, TMS): δ 198.7, 196.1,
177.2, 168.4, 165.3, 123.4, 114.1, 113.9, 87.0, 49.0, 47.2, 46.0, 45.4,
44.5, 42.1, 41.6, 35.6, 34.1, 33.5, 32.8, 31.6, 31.2, 30.1, 29.2, 27.3, 26.5,
24.3, 22.6, 22.4, 21.3, 21.1, 17.7. ESI-MS: 503 [M + H]+, 525 [M +
Na]+. HRMS: calculated for C32H43N2O3 [M + H]+ 503.3274, found
503.3281.

Compound 10b. The title compound was obtained in 69% yield as a
white powder. Mp 166−168 °C. IR (KBr, cm−1): 3134, 2971, 2873,
1686, 1614, 1400. 1H NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 8.00
(s, 1H), 5.85 (s, 1H), 3.14 (q, J = 7.1, 2H), 2.87 (t, J = 8.8, 1H), 1.45
(s, 3H), 1.28 (s, 3H), 1.25 (s, 3H), 1.15 (s, 3H), 1.04 (s, 3H), 1.01 (s,
3H), 0.99 (s, 3H) ppm. 13C NMR (75 M Hz, CDCl3, 25 °C, TMS): δ
201.5, 196.0, 165.2, 162.8, 160.8, 120.0, 114.3, 113.2, 85.5, 52.1, 51.4,
45.6, 45.2, 44.9, 39.7, 36.9, 36.7, 34.4, 34.0, 33.5, 33.4, 31.1, 27.7,
25.5, 24.3, 23.6, 23.0, 21.6, 21.1, 20.2, 20.2, 19.0, 15.5. ESI-MS: 517
[M + H]+, 539 [M + Na]+, 555 [M + K]+. HRMS: calculated for
C33H45N2O3 [M + H]+ 517.3430, found 517.3416.

Compound 10c. The title compound was obtained in 65% yield as a
white powder. Mp 197−199 °C. IR (KBr, cm−1): 3130, 2962, 1755,
1686, 1614, 1400. 1H NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 7.95
(s, 1H), 5.86 (s, 1H), 3.10 (t, J = 7.2 Hz, 2H), 2.89 (t, J = 9.2, 1H),
1.47 (s, 3H), 1.25 (s, 3H), 1.15 (s, 3H), 1.01 (s, 3H), 0.98 (s, 3H),
0.88 (s, 3H), 0.85 (s, 3H) ppm. 13C NMR (75 M Hz, CDCl3, 25 °C,
TMS): δ 196.4, 193.0, 173.1, 165.6, 164.1, 123.5, 115.0, 114.3, 87.0,
48.3, 47.9, 46.7, 45.1, 44.9, 42.9, 42.7, 36.7, 34.4, 34.0, 33.3, 32.8, 31.7,
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30.7, 28.8, 27.6, 27.3, 25.9, 24.2, 23.8, 23.2, 22.1, 21.5, 20.1, 17.6. ESI-
MS: 531 [M + H]+. HRMS: calculated for C34H47N2O3 [M + H]+

531.3587, found 531.3591.
Compound 10d. The title compound was obtained in 60% yield as a

white powder. Mp 111−113 °C. IR (KBr, cm−1): 3129, 2928, 2857,
1751, 1686, 1400. 1H NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 7.99
(s, 1H), 5.84 (s, 1H), 3.08−3.00 (m, 2H), 2.86 (t, J = 9.0 Hz, 1H),
1.48 (s, 3H), 1.25 (s, 3H), 1.14 (s, 3H), 1.00 (s, 3H), 0.97 (s, 3H),
0.87 (s, 3H), 0.85 (s, 3H) ppm. 13C NMR (75 M Hz, CDCl3, 25 °C,
TMS): δ 200.0, 196.1, 177.2, 164.8, 160.3, 119.5, 113.8, 112.8, 88.6,
51.1, 51.0, 45.1, 44.8, 44.6, 44.4, 39.0, 36.3, 35.9, 33.6, 32.8, 32.6, 32.1,
31.4, 30.6, 29.2, 27.2, 25.8, 25.0, 23.2, 22.3, 20.6, 20.2, 20.1, 19.8, 18.7.
ESI-MS: 545 [M + H]+, 567 [M + Na]+. HRMS: calculated for
C35H49N2O3 [M + H]+ 545.3743, found 545.3755.
Compound 10e. The title compound was obtained in 58% yield as a

white powder. Mp 188−190 °C. IR (KBr, cm−1): 3133, 2930, 2856,
1750, 1686, 1614, 1400. 1H NMR (300 M Hz, CDCl3, 25 °C, TMS): δ
7.95 (s, 1H), 5.84 (s, 1H), 3.06−3.00 (m, 2H), 2.89 (t, J = 9.2, 1H),
1.44 (s, 3H), 1.28 (s, 3H), 1.25 (s, 3H), 1.15 (s, 3H), 1.15 (s, 3H),
1.00 (s, 3H), 0.97 (s, 3H) ppm. 13C NMR (75 M Hz, CDCl3, 25 °C,
TMS): δ 201.5, 196.0, 173.1, 165.2, 160.7, 120.0, 114.3, 113.2, 85.6,
52.1, 51.5, 45.6, 45.3, 45.2, 45.0, 36.9, 36.8, 34.5, 34.1, 33.5, 31.7, 31.1,
30.4, 29.7, 27.7, 27.2, 25.5, 24.3, 23.7, 23.0, 22.6, 21.7, 21.2, 20.3, 20.2,
19.0, 14.1. ESI-MS: 573 [M + H]+, 595 [M + Na]+. HRMS: calculated
for C37H53N2O3 [M + H]+ 573.4056, found 573.4072.
Compound 10f. The title compound was obtained in 60% yield as a

white powder. Mp 179−181 °C. IR (KBr, cm−1): 3128, 2927, 2862,
1671, 1521, 1452, 1391. 1H NMR (300 M Hz, CDCl3, 25 °C, TMS): δ
8.10 (s, 1H), 6.04 (s, 1H), 3.36 (d, J = 10.0, 1H), 1.48 (s, 3H), 1.25 (s,
3H), 1.20 (s, 3H), 1.17 (s, 3H), 1.15 (s, 3H), 1.05 (s, 3H), 0.96 (s,
3H) ppm. 13C NMR (75 M Hz, CDCl3, 25 °C, TMS): δ 203.5, 196.2,
175.7, 165.3, 163.8, 120.2, 114.5, 113.4, 77.5, 51.1, 50.7, 49.8, 48.5,
45.2, 43.4, 42.6, 41.6, 39.2, 34.0, 33.4, 33.0, 32.0, 31.3, 31.1, 29.9, 29.7,
29.3, 28.5, 26.2, 25.9, 25.2, 24.3, 21.4, 19.5, 14.1. ESI-MS: 567
[M + Na]+, 583 [M + K]+. HRMS: calculated for C35H48N2O3Na
[M + Na]+ 567.3563, found 567.3551.
Compound 10g. The title compound was obtained in 55% yield as a

white powder. Mp 145−147 °C. IR (KBr, cm−1): 3130, 2997, 1673,
1608, 1400. 1H NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 7.98 (s,
1H), 5.84 (s, 1H), 3.80−3.70 (m, 2H), 3.19 (t, J = 5.2 Hz, 2H), 2.88
(t, J = 8.9 Hz, 1H), 1.45 (s, 3H), 1.28 (s, 3H), 1.25 (s, 3H), 1.15 (s,
3H), 1.15 (s, 3H), 1.01 (s, 3H), 0.98 (s, 3H) ppm. 13C NMR (75 M
Hz, CDCl3, 25 °C, TMS): δ 201.4, 195.9, 165.1, 162.8, 160.7, 120.0,
114.3, 113.3, 86.3, 62.3, 52.2, 51.5, 47.0, 45.5, 45.2, 45.0, 37.1, 36.8,
34.4, 34.1, 33.4, 31.1, 29.7, 27.5, 25.5, 24.4, 23.6, 22.9, 21.6, 21.2, 20.3,
20.2, 19.0. ESI-MS: 533 [M + H]+, 555 [M + Na]+, 571 [M + K]+.
HRMS: calculated for C33H44N2O4Na [M + Na]+ 555.3199, found
555. 3213.
Compound 10h. The title compound was obtained in 50% yield as a

white powder. Mp 169−171 °C. IR (KBr, cm−1): 3134, 2931, 2855,
1711, 1674, 1391. 1H NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 8.05
(s, 1H), 6.22 (s, 1H), 3.47−3.20 (m, 1H), 2.79 (d, J = 13.1 Hz, 1H),
1.58 (s, 3H), 1.56 (s, 3H), 1.33 (s, 3H), 1.27 (s, 3H), 1.20 (s, 3H),
0.98 (s, 3H), 0.96 (s, 3H) ppm. 13C NMR (75 M Hz, CDCl3, 25 °C,
TMS): δ 196.4, 193.2, 173.1, 165.6, 162.6, 123.6, 115.0, 114.2, 86.9,
54.8, 47.9, 46.6, 45.1, 44.8, 42.8, 42.7, 42.4, 36.8, 34.8, 34.4, 33.9, 33.3,
32.8, 31.7, 30.5, 28.9, 27.6, 27.3, 25.9, 25.7, 25.2, 25.0, 23.8, 23.2, 22.0,
21.5, 17.6. ESI-MS: 571 [M + H]+, 593 [M + Na]+. HRMS: calculated
for C37H50N2O3Na [M + Na]+ 593.3719, found 593.3734.
Compound 10i. The title compound was obtained in 45% yield as a

white powder. Mp 127−129 °C. IR (KBr, cm−1): 3134, 2926, 1758,
1686, 1400. 1H NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 7.96 (s,
1H), 7.27−7.01 (m, 5H), 5.83 (s, 1H), 3.39−3.30 (m, 2H), 2.88 (t, J =
8.9 Hz, 1H), 2.76−2.68 (m, 2H), 1.31 (s, 3H), 1.25 (s, 3H), 1.24 (s,
3H), 1.14 (s, 3H), 1.13 (s, 3H), 1.01 (s, 3H), 0.98 (s, 3H) ppm. 13C
NMR (75 M Hz, CDCl3, 25 °C, TMS): δ 200.1, 196.8, 176.5, 164.6,
160.4, 128.3, 128.3, 128.2, 127.6, 127.6, 125.3, 119.5, 113.8, 112.7,
88.6, 51.1, 46.6, 44.8, 44.6, 39.0, 35.8, 33.7, 33.4, 32.8, 32.6, 30.6, 29.2,
27.2, 25.8, 25.0, 23.8, 23.0, 22.3, 21.0, 20.7, 20.2, 19.8, 19.5, 18.4.

ESI-MS: 615 [M + Na]+, 631 [M + K]+. HRMS: calculated for
C39H48N2O3Na [M + Na]+ 615.3563, found 615.3572.

Compound 12. A mixture of 8h (50 mg, 0.087 mmol), DDQ
(21.7 mg, 0.096 mmol), acetyl chloride (68 mg, 0.87 mmol), and
triethylamine (17.0 mg, 0.174 mmol) in anhydrous toluene (2 mL)
was reacted for 24 h. After filtration, the filtrate was evaporated
in vacuo to give a residue, which was purified by flash column
chromatography (petroleum ether/EtOAc) to give 12 as an
amorphous solid (16.6 mg, 31%). Mp 98−100 °C. IR (KBr, cm−1):
3449, 2931, 2361, 1789, 1638. 1H NMR (300 M Hz, CDCl3, 25 °C,
TMS): δ 8.04 (s, 1H), 6.41 (d, J = 7.5 Hz, 1H), 5.53 (s, 1H), 3.77−
3.78 (m, 1H), 2.79 (d, J = 15.2, 1H), 2.64−2.59 (m, 1H), 2.45 (d, J =
14.9, 1H), 1.34 (s, 3H), 1.25 (s, 3H), 1.22 (s, 3H), 1.17 (s, 3H), 1.11
(s, 3H), 0.92 (s, 3H), 0.90 (s, 3H) ppm. 13C NMR (75 M Hz, CDCl3,
25 °C, TMS): δ 176.3, 172.3, 169.7, 156.5, 149.6, 140.0, 129.2, 115.3,
108.5, 49.9, 48.6, 44.8, 43.1, 42.0, 40.7, 39.8, 34.5, 33.8, 33.6, 32.6,
32.4, 32.4, 32.1, 31.9, 30.2, 30.0, 28.4, 26.4, 25.3, 25.1, 25.0, 24.9, 23.1,
22.6, 20.8, 20.6, 20.2, 18.9,17.9. ESI-MS: 639 [M + Na]+. HRMS:
calculated for C39H56N2O4Na [M + Na]+ 639.4138, found 639.4149.

Compound 13h. A mixture of 8h (100 mg, 0.174 mmol) obtained
above and DDQ (39 mg, 0.174 mmol) in dry methylbenzene (4 mL)
was heated to 90 °C for 10 h. After insoluble matter was removed
by filtration, the filtrate was evaporated in vacuo to give a solid. The
solid was subjected to flash column chromatography (petroleum
ether/EtOAc) to give 13h as a white powder (44 mg, 46%). Mp 157−
159 °C. IR (KBr, cm−1): 3140, 2931, 2855, 1711, 1674, 1400. 1H
NMR (300 M Hz, CDCl3, 25 °C, TMS): δ 8.07 (s, 1H), 6.05 (s, 1H),
3.58−3.46 (m, 2H), 2.85 (d, J = 14.79 Hz, 1H), 2.58 (d, J = 14.79 Hz,
1H), 1.39 (s, 3H), 1.35 (s, 3H), 1.30 (s, 3H), 1.26 (s, 3H), 1.18 (s,
3H), 1.04 (s, 3H), 0.96 (s, 3H) ppm. 13C NMR (75 M Hz, CDCl3,
25 °C, TMS): δ 205.0, 175.8, 172.2, 150.2, 126.4, 121.4, 108.6, 83.4,
51.2, 50.9, 48.1, 48.0, 42.0, 41.9, 40.9, 39.1, 35.5, 35.4, 34.0, 33.4, 32.9,
32.8, 32.5, 32.4, 31.1, 30.6, 30.2, 29.7, 28.7, 26.4, 25.5, 24.9, 24.8, 24.2,
24.1, 21.5, 19.4. ESI-MS: 573 [M + H]+, 595 [M + Na]+. HRMS:
calculated for C37H52N2O3Na [M + Na]+ 595.3876, found 595.3857.

Compound 15. A mixture of 14 (100 mg, 0.176 mmol) obtained
above and DDQ (40 mg, 0.176 mmol) in dry methylbenzene (4 mL)
was heated to 90 °C for 5 h. After insoluble matter was removed by
filtration, the filtrate was evaporated in vacuo to give a solid. The solid
was subjected to flash column chromatography (petroleum ether/
EtOAc) to give 15 as a white powder (50 mg, 52%). Mp 134−136 °C.
IR (KBr, cm−1): 3136, 2941, 2840, 1711, 1660, 1398. 1H NMR (300
M Hz, CDCl3, 25 °C, TMS): δ 5.90 (s, 1H), 4.50−4.45 (m, 1H), 3.41
(d, J = 9.69 Hz, 1H), 1.41 (s, 3H), 1.34 (s, 3H), 1.19 (s, 3H), 1.04 (s,
3H), 0.95 (s, 3H), 0.93 (s, 3H), 0.89 (s, 3H) ppm. 13C NMR (75 M
Hz, CDCl3, 25 °C, TMS): δ 205.2, 176.0, 173.6, 170.8, 119.8, 79.7,
79.7, 52.4, 52.4, 51.0, 50.6, 48.5, 42.7, 42.2, 40.5, 39.3, 38.6, 37.9, 34.1,
33.4, 33.1, 32.3, 31.1, 30.9, 30.3, 28.5, 28.5, 28.5, 27.8, 26.0, 24.3, 24.0,
23.5, 21.2, 19.1, 16.5. ESI-MS: 566 [M + H]+, 588 [M + Na]+. HRMS:
calculated for C36H56NO4 [M + H]+ 566.4209, found 566.4196.

Measurement of Cell Proliferation. The impact of different
compounds on cancer cell proliferation was tested by the CCK-8
method using a cell counting kit-8 (Dojindo Laboratories, Kumamoto,
Japan), according to the manufacturer’s instructions. Briefly, DU-145
(human prostate cancer cells), H460 (human non-small-cell lung
cancer cells), Bxpc-3 (human pancreatic carcinoma cells), BEL-7404
(human hepatocellular carcinoma cells), and nontumor WPMY-1
(human prostatic stromal myofibroblast cells) at 5 × 103 cells/well
were cultured overnight in 10% FCS DMEM in 96-well plates and
treated in triplicate with 0.041−10 μM of each compound for 72 h.
The cells in medium alone were used as controls, and medium alone
was the background. During the last 30 min culture, individual wells
were added with 10 μL of CCK-8 solution and the absorbance of the
supernatants at 450 nm was measured in a microplate reader.

=
−

×‐ ‐

‐

A A

A
inhibition (%) 100

control background treated background

control background

Acute Toxicity of 10h in Mice. Both genders of ICR mice at
7 weeks of age were purchased from SLACCAS (Shanghai, China) and
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were housed in a specific pathogen free facility. The mice were
randomly treated by gavage with a single dose of 800, 640, 512, 409.6,
or 327.8 mg/kg of 10h or vehicle control (n = 8 per group). The mice
were monitored for their behaviors, the amounts of water and food
consumption, body weights, and activity up to 14 days after treatment.
The experimental protocols were evaluated and approved by the Ethics
Committee of the China Pharmaceutical University.
Antitumor Effect of 10h in Mice. Individual male BALB/c nude

mice (6−8 weeks, 18−22 g, SLACCAS) were implanted subcuta-
neously with 2 × 106 DU-145 cells in 0.1 mL of sterile saline on the
right flank of the axillary region to induce solid tumors. When the
tumor reached 100 ± 30 mm3 in size, the mice were then randomly
treated by gavage with the indicated dose of 10h or the same volume
of vehicle (1:1:8 of DMSO/Cremphor EL/PBS) daily for 21 con-
secutive days. The tumor volumes (TV) were measured every 3 days
up to 21 days after initial treatment. The TV was calculated using the
formula

=
×

TV
length (width)

2

2

Subsequently, the mice were sacrificed and the tumors were dissected
out and weighed. The % tumor growth inhibition was determined as
the tumor growth inhibition

= − ×⎜ ⎟⎛
⎝

⎞
⎠

T
C

TGI (%) 1 100

where T is the mean tumor weight in treated group and C is the mean
tumor weight in vehicle control group at the end point.
Cell Cycle Analysis. DU-145 cells were cultured in 10% FCS

DMEM overnight and treated in triplicate with CDDO-Me (0.26 or
0.53 μM), compound 10h (0.08 or 0.16 μM), or vehicle for 24 h. The
cells were harvested, fixed with 70% ethanol for 2 h, and incubated
with PI/RNase staining buffer (BD Pharmingen) for 15 min at room
temperature. The DNA content in the different groups of cells was
assessed by flow cytometry (FACSCalibur, Becton Dickinson, U.S.)
and analyzed by the software MODFIT.
Hoechst 33258 Assay for Apoptosis. The impact of 10h on

DU-145 cell apoptosis was determined by Hoechst 33258 staining
using the apoptosis Hoechst staining kit (catalog no. C1115, Beyotime
Biotechnology, Jiangsu, China), according to the manufacturer’s proto-
col. Briefly, DU-145 cells were treated with the indicated con-
centrations of 10h and CDDO-Me for 24 h, fixed in 0.5 mL of
methanol for 30 min, and stained with 1 mg/mL of Hoechst 33258,
followed by examining under a fluorescent microscope.
Caspase-3 Activity Assay. Caspase-3 activity was assayed using a

caspase-3 activity kit (catalog no. C1115, Beyotime Institute of
Biotechnology, Haimen, Jiangsu, China), according to the manufactur-
ere’s protocol. This assay is based on the ability of caspase-3 to catalyze
acetyl-Asp-Glu-Val-Asp p-nitroanilide into the yellow formazan
product p-nitroaniline. DU-145 cells were treated with individual
compounds, as described above, and harvested. After being washed
with cold PBS, the cells were lyzed in lysis buffer (100 μL per 2 × 106

cells) on ice for 15 min and then centrifuged at 18 000g at 4 °C for
10 min. The cell lysates were tested for their caspase-3 activity by
mixing 10 μL of individual cell lysates with 10 μL caspase-3 substrate
(Ac-DEVD-pNA, 2 mM) in 80 μL of reaction buffer in triplicate at
37 °C for 2 h. The caspase-3 activity in individual samples was
calculated based on the absorbance at 405 nm and was expressed as
the relative percentage of enzyme activity to the control.
Western Blotting Assay. DU-145 cells (5 × 105/well) were

cultured in 10% FCS Ham’s F-12K medium in six-well plates
overnight, and the cells were treated in duplicate with vehicle alone or
the indicated compounds for 24 h. The cells were harvested and lysed
in lysis buffer [50 mM Tris-HCl, pH 8, 5 mM EGTA, 150 mM NaCl,
0.5% Nonidet P-40, 0.5% Triton X-100], followed by centrifuging
at 14 000g for 10 min at 4 °C. After quantification of protein con-
centrations using the BCA assay (Pierce BCA protein assay kit, prod-
uct no. 23225), the cell lysate samples (50 μg/lane) were separated on
10−14% SDS−polyacrylamide gel and transferred to nitrocellulose

membranes. After being blocked with 5% fat-free dried milk in 10 mM
Tris-HCl (pH 8.0), 150 mM NaCl, 0.05% Tween 20 (TPBS) over-
night at 4 °C, the membranes were incubated with anti-AKT (1:1000,
Cell Signaling Technology, no. 9272), anti-mTOR (FRAP, 1:1000,
SantaCruz Biotechnology, SC-1549), anti-β-actin (1:1000, Boxter,
BM0627), antiphosphorylated AKT (Ser473, 1:1000, Santa Cruz
Biotechnology, SC-7985-R), or anti-phospho-mTOR (Ser2448)
(1:1000, Cell Signaling Technology, no. 2971), anti-Bax (P-19,
1:1000, Santa Cruz Biotechnology, SC-526), anti-Bcl-2 (C-2,1:1000,
Santa Cruz, Biotechnology). The bound antibodies were detected by
HRP-conjugated secondary antibodies, and immune complexes were
visualized using enhanced chemiluminescence reagent from Thermo
Fisher Scientific (Rockford, IL, USA). The relative levels of target
proteins to the control were determined by densimetric analysis using
AlphaEase FC (Alpha Innotech, USA) image analysis software.

log P Calculations. The log P values of each compound were
determined theoretically using three different programs,25 and the
data are presented as the mean log P and standard deviation. These
programs included ChemAxon’s MarvinSketch,26,27 Molinspiration
software,28 and VCCLAB’s ALOGPS software.29,30

Rat Plasma Stability Assay.34,35 Compound 10h or CDDO-Me
(50 ng/mL) was incubated with rat plasma (pooled, heparinized) at
37 °C for 60 min. The reactions were stopped by precipitation of
plasma proteins with 5 volumes of cold acetonitrile containing an
internal standard, and the concentrations of remaining compound
were analyzed by LC−MS/MS.

Microsomal Stability Assay.36,37 Human liver microsomes
(HLMs) were diluted with potassium phosphate−MgCl2 buffer
(100 mM, pH 7.4) to a final protein concentration of 0.2 mg/mL.
The HLMs were incubated with each compound (5 μM) in the
presence of NADPH system at 37 °C for 0, 5, 10, 15, 30, or 60 min
and quenched with acetonitrile, followed by centrifuged at 4000g for
15 min. The content of each compound in the supernatants was
determined for its half-life (t1/2) by LC−MS/MS analysis.

Caco2 Permeability Assay.38−42 Caco2 cells between passages
20 and 40 were cultured at 37 °C in a 5% CO2 and 90% relative
humidity environment. After 21 days of culture, the integrity of the cell
monolayer was verified by measuring the trans-epithelial electrical
resistance (TEER). The drug transport from the apical side to the
basolateral side (A−B) or from the basolateral side to the apical side
was measured under the same conditions. The monolayer of cells was
treated in triplicate with 0.5 μM of the tested drug in the well with the
appropriate pH (pH 6.8 for apical side and pH 7.4 for basolateral side)
at 37 °C for 30 min. Samples were collected from the donor and
receiver sides at 0 and 5 min postincubation. The concentrations of
the drug were determined by LC−MS/MS. The apparent permeability
values (Papp) were calculated according to the equation,

=P
Q t
AC

d /d
app

0

where dQ/dt is the slope of the cumulative amount transported during
the study period, A is the area of the insets, and C0 is the starting
concentration. For bidirectional permeability, the efflux ratio (ER) was
defined as Papp(B→A)/Papp(A→B), where A → B is apical to basolateral
transport and B → A is basolateral to apical transport. A high efflux
ratio (>3) indicates that a compound may be a substrate for P-gp or
other active transport systems.

hERG Channel Inhibition Assay.43−48 Chinese hamster ovary
(CHO) cells stably expressing the hERG channel were cultured in
DMEM/F-12, GlutaMAX with 10% fetal bovine serum, 100 units/mL
penicillin, 100 μg/mL streptomycin, 1% Geneticin, and 10 μM HEPES
at 37 °C in a humidified atmosphere of 5% CO2. When the cells
reached 60−80% confluency, the cells were harvested and placed on
the Qstirrer in serum-free media for ∼30 min.

The extracellular Ringer’s solution (2 mM CaCl2, 1 mM MgCl2,
10 mM HEPES, 4 mM KCl, 145 mM NaCl, 10 mM glucose, pH 7.40,
adjusted with NaOH, 305 mOsm) and intracellular Ringer’s solution
(5.374 mM CaCl2, 1.75 mM MgCl2, 120 mM KCl, 10 mM HEPES,
5 mM EGTA, 4 mM Na-ATP, pH 7.25, adjusted with KOH,
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290 mOsm) containing 4 mM Na2-ATP were used for measuring the
whole-cell currents using a QPatch system (Sophion) in response to
continuously executed voltage protocols, according to the manufac-
turer’s recommendations. Upon onset of the voltage protocol, the cells
were maintained at a holding potential (Vh) of −80 mV, clamped
briefly to −50 mV (50 ms), depolarized to 20 mV for 5000 ms, and
finally repolarized to −50 mV for 5000 ms, at which potential, the peak
outward tail current was measured. Finally, the voltage returned to
Vh for 3100 ms. Thus, voltage protocols were repeated every 15 s.
For each cell, extracellular solution was applied prior to increasing
concentrations of the tested compound.
Inhibition of Hepatic CYP Enzymes. Inhibition of each drug on

metabolizing CYP enzymes was determined using recombinant human
CYP enzymes (CYP1A2, CYP2C9, CYP2C19, CYP2D6, and
CYP3A4).49−52 Individual CYP enzymes reacted with their substrates
at a final concentration approximating their Km (phenacetin, 60 μM;
diclofenac, 6 μM; smephenytoin, 20 μM; dextromethorphan, 5 μM;
midazolam, 8 μM; testosterone, 50 μM) in the presence or absence of
nine concentrations of each compound up to 1000 nM in duplicate
for 1 h. The reactions were quenched with acetonitrile, and after being
centrifuged, the content of probe metabolites in the supernatants was
determined by LC−MS/MS. Amounts of metabolites produced were
normalized to vehicle controls, and IC50 values of each compound for
individual CYP enzymes were calculated using GraphPad Prism 5.0.
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